Key Points {#FPar1}
==========

A two-compartment model with first-order absorption and elimination best described upadacitinib pharmacokinetics.The apparent clearance of upadacitinib is estimated to be 24% lower in RA patients than in healthy subjects.Differences in body weight, sex, or renal function (mild or moderate renal impairment) do not result in clinically relevant effects on upadacitinib exposures. Further assessment of covariate effects are warranted using data from phase III studies when available.

Introduction {#Sec1}
============

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease that occurs in 0.5--1% of adults worldwide and represents a major cause of disability \[[@CR1]\]. Despite the availability of various treatment options for RA, including biologic and non-biologic disease-modifying antirheumatic drugs (DMARDs), a significant proportion of patients either do not adequately respond or become refractory to available therapies \[[@CR2]\]. Therefore, novel therapies are required to address the unmet need in the treatment of patients with RA.

Janus kinase (JAK) enzymes are tyrosine kinases that bind to the cytoplasmic region of cytokine receptors and are activated following the binding of cytokines to their cellular receptors \[[@CR3]\]. The JAK enzyme family consists of four members, JAK1, JAK2, JAK3, and TYK1, which play important roles in signaling pathways of growth factors, hormones and various cytokines, including those involved in the pathogenesis of inflammatory diseases. It has been hypothesized that selectively inhibiting JAK1 can intercept the pathogenic cytokine signaling involved in RA while sparing other signaling pathways required for normal physiological functions \[[@CR4]\].

Upadacitinib (ABT-494) is a selective JAK 1 inhibitor being developed for the treatment of patients with inflammatory diseases. Currently, upadacitinib is being evaluated in six global phase III studies in RA \[[@CR5]--[@CR10]\] and two phase III studies in psoriatic arthritis (PsA) \[[@CR11], [@CR12]\], in addition to phase II studies in Crohn's disease and atopic dermatitis \[[@CR13], [@CR14]\] and a combined phase II/III study in ulcerative colitis \[[@CR15]\]. In phase I studies, upadacitinib was well-tolerated in single doses up to 48 mg and multiple twice-daily doses up to 24 mg administered as immediate-release capsules \[[@CR16]\]. Upadacitinib exposures were approximately dose proportional over the evaluated dose range and displayed no accumulation in plasma with multiple twice-daily dosing. Upadacitinib functional half-life was approximately 4 h and its mean terminal elimination half-life ranged from 6 to 16 h. Upadacitinib is a non-sensitive substrate for cytochrome P450 (CYP) 3A, and in vitro studies suggest that CYP2D6 may be a minor contributor to its metabolism. Approximately 20% of upadacitinib dose is eliminated unchanged in urine \[[@CR16]\]. Upadacitinib has moderate plasma protein binding (\< 50%).

Upadacitinib was recently evaluated in two phase IIb studies in subjects with RA who were inadequate responders to methotrexate or anti-tumor necrosis factor (TNF) therapy \[[@CR17], [@CR18]\]. The doses of upadacitinib evaluated in these studies ranged from 3 to 18 mg twice daily, in addition to 24 mg once daily in one study, administered as immediate-release capsules. Response, measured as the percentage of subjects meeting American College of Rheumatology 20% improvement criteria (ACR20), at week 12 was higher with all evaluated upadacitinib doses compared with placebo, with the maximum efficacy reached at doses of 6 or 12 mg twice daily. The efficacy of upadacitinib was also demonstrated on deeper response endpoints (ACR50 and ACR70, as well as Disease Activity Score 28 based on C-reactive protein \[DAS-28CRP\] low disease activity and remission). Upadacitinib showed an acceptable safety profile in these studies, which supported proceeding with large global phase III studies to confirm its efficacy and safety.

Population pharmacokinetic analyses of integrated data from multiple studies and patient cohorts provides a powerful tool to robustly characterize the pharmacokinetic parameters for a drug as well as the influence of subject characteristics on plasma exposures, which is necessary to inform the need for dose adjustment in certain subpopulations \[[@CR19]\]. The aim of this work was to develop a population pharmacokinetic model for upadacitinib in healthy subjects and in adult subjects with RA, and to identify the effect of subject characteristics on upadacitinib plasma exposures.

Methods {#Sec2}
=======

Participants and Design of Clinical Studies Analyzed {#Sec3}
----------------------------------------------------

The population pharmacokinetic analysis was performed using combined data from three phase I studies conducted in healthy subjects and subjects with RA and two phase II studies conducted in subjects with RA (Table [1](#Tab1){ref-type="table"}). Upadacitinib was administered as immediate-release capsules in all studies included in the analysis. The study protocols were approved by the Institutional Review Boards/Ethics Committees of the study sites, and all the participants gave written informed consent prior to participation in the studies. The studies were conducted according to the International Conference on Harmonization Guidelines for Good Clinical Practice.Table 1Overview of phase I and II studies included in the upadacitinib population pharmacokinetic analysisStudyPopulation*N* ^a^Study design\
Pharmacokinetic sampling/subjectUpadacitinib immediate-release dose(s)Concomitant methotrexate\
(yes/no)ReferencesPhase I 1Healthy subjects56Single dose, randomized, placebo-controlled\
17 samples up to 72 h post-dose1, 3, 6, 12, 24, 36, 48 mgNo\[[@CR16]\] 2Healthy subjects44Multiple dose, randomized, placebo-controlled\
11 samples up to 12 h post day 1 morning dose and 18 samples up to 72 h post day 14 dose3, 6, 12, 24 mg bid for 14 daysNo\[[@CR16]\]Subjects with mild to moderate RA14Multiple dose, randomized, placebo-controlled\
11 samples up to 12 h post days 1 and 26 morning doses and 17 samples up to 48 h post day 27 dose6, 12, 24 mgYes 3Healthy Japanese and Chinese subjects45Single dose, randomized, placebo-controlled\
17 samples up to 72 h post dose3, 6, 24 mgNo--Multiple dose, randomized, placebo-controlled\
11 samples up to 12 h post day 1 morning dose and 18 samples up to 72 h post day 14 dose18 mg bid for 14 daysPhase II 4Subjects with moderate to severe active RA (MTX-IR)300Randomized, placebo-controlled, dose-ranging\
Single predose trough sample at weeks 2, 4, 6, 8, and 12\
Samples at 1, 2, 3 h after the morning dose on day 1 and week 8 in \~ 30% of subjects3, 6, 12, and 18 mg bid and 24 mg qdYes\[[@CR18]\] 5Subjects with moderate to severe active RA (anti-TNF IR)276Randomized, placebo-controlled, dose-ranging\
Single sample at weeks 2, 4, 6, 8, and 12\
Samples at 1, 2, 3 h after the morning dose on day 1 and week 8 in \~ 30% of subjects3, 6, 12, and 18 mg bidYes\[[@CR17]\]*bid* twice daily, *RA* rheumatoid arthritis, *MTX*-*IR* methotrexate inadequate responders, *anti*-*TNF IR* anti-tumor necrosis factor inadequate responders, *qd* once daily^a^ Total number of subjects enrolled in the study

In the three phase I studies (studies 1, 2, and 3 in Table [1](#Tab1){ref-type="table"}), healthy subjects were eligible to participate if they were 18--55 years of age, with a body mass index within 19--29 kg/m^2^, and judged to be in good general health. In addition to healthy subjects, study 2 enrolled a cohort of subjects who were 18--75 years of age with a body mass index within 19--39 kg/m^2^ at screening, had a diagnosis of RA for at least 6 months, and had been receiving a stable dose of methotrexate for at least 3 months. Study 3 enrolled subjects of Japanese or Chinese origin. In all three studies, individuals were excluded if they had any clinically significant condition (except stable RA in the patient cohort of study 2), abnormalities, infection, or any clinically significant findings at screening, as determined by the principal investigator. Inhibitors or inducers of drug-metabolizing enzymes were not allowed within 30 days of enrollment. Subjects were randomized to receive single doses of upadacitinib or placebo in study 1, multiple doses of upadacitinib or placebo for 14 days in healthy subjects and 26 days in subjects with RA in study 2, and single or multiple doses of upadacitinib or placebo for 14 days in study 3.

In the two phase II studies (studies 4 and 5), adult males and females 18 years of age or older who had active RA for at least 3 months were enrolled in the studies. Subjects were enrolled in study 4 if they had inadequate response to methotrexate, and were excluded if they had received any biologic RA therapy. Subjects were enrolled in study 5 if they had inadequate response to at least one prior anti-TNF therapy. In both studies 4 and 5, subjects were excluded if they had an estimated glomerular filtration rate (eGFR) of \< 40 mL/min/1.73 m^2^ or serum aspartate transaminase (AST) or alanine transaminase (ALT) \> 1.5 × upper limit of normal at screening. Strong inhibitors or inducers of CYP3A were prohibited throughout both studies. Subjects in each study were randomized to receive different doses of upadacitinib or placebo for 12 weeks. Further details on the design and inclusion and exclusion criteria of studies 4 and 5 have been previously reported \[[@CR17], [@CR18]\].

In studies 1--3, serial blood samples were collected from each subject over the time periods delineated in Table [1](#Tab1){ref-type="table"}. In studies 4 and 5, a single predose blood sample was collected from each subject at each study visit. In approximately 30% of subjects in studies 4 and 5, blood samples were collected at 1, 2, and 3 h after dose at the day 1 and week 8 visits. Plasma concentrations of upadacitinib were determined using a validated liquid chromatography method with mass spectrometric detection at AbbVie (North Chicago, IL, USA), as previously described \[[@CR16]\].

Only 4% of upadacitinib concentrations for samples collected after initiation of dosing were found to be below the lower limit of quantitation (LLOQ) in the dataset. For each subject, concentrations below the LLOQ during the dosing period, and the first concentration below the LLOQ after the last dose, were imputed with 1/2 LLOQ \[[@CR20]\]; subsequent concentrations below the LLOQ after the last dose were censored in the analysis. Upadacitinib concentrations from the phase II studies in RA were plotted versus time since the last dose for each patient individually to identify potential outliers. Only 0.9% of all dataset concentrations were flagged as clear outliers that likely resulted from inaccurate dosing records and were excluded from the analysis.

Pharmacokinetic Model Development {#Sec4}
---------------------------------

A non-linear mixed-effects modeling approach was utilized to analyze upadacitinib concentration versus time data. NONMEM^®^ 7.3 software (ICON Development Solutions, Hanover, MD, USA) was utilized.

The population pharmacokinetic model was built in a stepwise manner. The structural model was developed first, and then models for intersubject variability (ISV) were added. The ISV was modeled using exponential error models:$$\documentclass[12pt]{minimal}
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                \begin{document}$$P_{ni} = \theta_{n} \cdot \exp (\eta_{ni} ),$$\end{document}$$where *P*~*ni*~, *θ*~*n*~, and *η*~*ni*~ are the individual parameter estimate, population parameter estimate, and intersubject random effect, respectively, for subject *i* and parameter *n*. The *η*~*n*~ values were assumed to be normally distributed with a mean of 0 and a variance of *ω*~*n*~^2^.

The residual error was assumed to be a combination of additive and proportional error terms:$$\documentclass[12pt]{minimal}
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                \begin{document}$$C_{ij} = \widehat{C}_{ij} \cdot \left( {1 + \varepsilon_{1ij} } \right) + \varepsilon_{2ij} ,$$\end{document}$$where *C*~*ij*~ is the measured plasma concentration for subject *i* at time *j*, *Ĉ*~*ij*~ is the corresponding model-predicted plasma concentration, and *ε*~1*ij*~ and *ε*~2*ij*~ are normally distributed independent residual random error terms with a mean of zero and variances of*σ*^2^:$$\documentclass[12pt]{minimal}
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The following covariates were evaluated: (1) for upadacitinib apparent clearance (CL/F): population (subjects with RA versus healthy subjects), baseline serum bilirubin concentration, baseline serum creatinine, baseline creatinine clearance, baseline eGFR, body weight, age, baseline serum AST concentration, baseline serum ALT concentration, baseline DAS28-CRP, baseline high-sensitivity C-reactive protein (hsCRP) serum concentration, upadacitinib dose, sex, race, baseline alcohol use, baseline tobacco use, concomitant use of pH-modifying medications (e.g. proton pump inhibitors or antacids), concomitant use of CYP3A inhibitors, concomitant use of CYP2D6 inhibitors, and CYP2D6 metabolic phenotype (determined based on *CYP2D6* genotype); (2) for the apparent volume of distribution of the central compartment (*V*~c~/F): population, sex, race, body weight, upadacitinib dose, and age; (3) for the first-order absorption rate (*K*~a~): population, sex, race, baseline alcohol use, upadacitinib dose, age, and concomitant use of pH-modifying medications; and (4) for relative oral bioavailability: upadacitinib dose. For healthy subjects, missing baseline values of DAS28-CRP and hsCRP were imputed as 0.96 and 0.15 mg/L, respectively. For all other missing continuous covariate information, the population median value was assigned. Continuous covariates were evaluated using power models (centered on the median values in the datasets; referred to thereafter as the reference values), whereas categorical covariates were evaluated using indicator variables. The covariate that resulted in the largest drop in the objective function value (OFV) in a univariate covariate search was included in the model first, and then the process was repeated to identify the second covariate to be included in the model, and so forth.

The pharmacokinetic models were fit to the data using the first-order conditional estimation with interaction (FOCEI). The stochastic approximation expectation maximization (SAEM) algorithm with importance sampling employed within NONMEM was utilized at the last step to facilitate incorporation of interoccasion variability (IOV) on the lag time, as described in detail in the "[Results](#Sec5){ref-type="sec"}" section. The likelihood ratio test was used for hypothesis testing to discriminate among alternative nested models. Since the OFV provided by NONMEM is approximately Chi square distributed, the differences between OFV values were used to guide model building. When comparing nested models, one additional model parameter, corresponding to one degree of freedom in the higher-order model, was considered significant if it lowered the OFV by more than 6.63, corresponding to *p* \< 0.01.

The significance of covariates was evaluated through forward inclusion and backward elimination procedures using the likelihood ratio test with *p* value thresholds of *p* \< 0.01 and *p* \< 0.001, respectively. This was implemented on the last model estimated with FOCEI prior to inclusion of IOV with SAEM and importance sampling since the implementation of importance sampling is associated with Monte Carlo noise in the objective function that can, in certain cases, confound statistical comparisons. In addition to the likelihood ratio test, selection of the models was based on the following criteria: the observed and predicted plasma concentrations from the preferred model were more randomly distributed across the line of unity (a straight line with zero intercept and a slope of one) than alternative models, the conditional weighted residuals of the preferred model showed less systematic bias than alternative models, the preferred model showed physiologically reasonable and statistically significant estimates (95% confidence intervals \[CIs\] did not include zero) of the parameters and their standard errors, and visual predictive checks (VPCs) showed appropriate characterization of observed trends and variability.

VPCs and prediction-corrected VPCs \[[@CR21]\] were examined based on 400 simulated replicates of the dataset generated using NONMEM and Perl Speaks NONMEM (PSN 4, <http://psn.sourceforge.net/index.php>, Uppsala University, Uppsala, Sweden). In order to estimate CIs of the model parameters, 200 bootstrap replicates were constructed by randomly sampling *N* subjects from the original dataset with replacement, where *N* was the number of subjects in the original dataset. Model parameters were estimated for each bootstrap replicate and the resulting values were used to estimate medians and CIs. Bootstrap statistics were based on successfully completed runs.

Simulations with 200 replicates using the demographics of the RA patient population from the two phase II studies were performed to explore the impact of covariates on upadacitinib area under the concentration--time curve (AUC) and maximum concentration (*C*~max~) at steady state. Parameter uncertainty was incorporated using the covariance matrix obtained from the bootstrap analysis. While exploring the impact of one of the identified covariates on exposure, other significant covariates were fixed to the reference values.

Results {#Sec5}
=======

Data Summary and Demographics {#Sec6}
-----------------------------

Baseline characteristics for subjects included in the analyses are summarized in Table [2](#Tab2){ref-type="table"}. A total of 6399 plasma concentrations from 107 healthy volunteers and 466 RA patients were included in the analysis.Table 2Demographics summary for the population pharmacokinetic analysis datasetCharacteristicStudy 1\
HVsStudy 2\
HVsStudy 2\
RA patientsStudy 3\
HVsStudy 4\
RA patientsStudy 5\
RA patientsTotal*N*42321033242214573Sex \[*n* (%)\] Male\
 Female35 (83)\
7 (17)29 (91)\
3 (9)6 (60)\
4 (40)33 (100)\
048 (20)\
194 (80)47 (22)\
167 (78)198 (35)\
375 (65)Race \[*n* (%)\] White\
 Black\
 Asian\
 Other30 (71)\
10 (24)\
1 (2)\
1 (2)12 (38)\
9 (28)\
0\
11 (34)9 (90)\
1 (10)\
0\
00\
0\
33 (100)\
0236 (98)\
3 (1)\
0\
3 (1)190 (89)\
18 (8)\
3 (1)\
3 (1)477 (83)\
41 (7)\
37 (6)\
18 (3)Age, years \[mean ± SD (range)\]31 ± 10 (19--54)33 ± 9.9 (22--56)59 ± 8.7 (44--70)38 ± 11 (22--55)55 ± 12 (19--82)57 ± 12 (26--85)52 ± 15 (19--85)Weight, kg \[mean ± SD (range)\]74 ± 10 (52--92)76 ± 10 (57--93)79 ± 16 (58--101)69 ± 9.3 (53--90)75 ± 15 (44--122)79 ± 17 (42--134)76 ± 15 (42--134)RA \[*n* (%)\]0010 (100)0242 (100)214 (100)466 (81)hsCRP, mg/L \[mean ± SD (range)\]1.64 ± 1.8 (0.06--6.8)--5.9 ± 8.3 (0.14--28)--13 ± 16 (0.07--90)14 ± 20 (0.21--135)12 ± 18 (0.06--135)DAS28-CRP \[mean ± SD (range)\]--------5.6 ± 0.97 (3--7.9)5.8 ± 0.92 (3.6--8)5.7 ± 0.95 (3--8)eGFR, mL/min/1.73 m^2^ \[mean ± SD (range)\]95 ± 13 (66--125)92 ± 14 (65--120)83 ± 17 (52--101)93 ± 14 (63--121)92 ± 23 (41--168)93 ± 26 (37--184)92 ± 23 (36--184)CrCL, mL/min \[mean ± SD (range)\]118 ± 19 (86--174)113 ± 24 (76--176)95 ± 21 (65--128)105 ± 19 (65--148)108 ± 34 (41--211)111 ± 38 (41--241)110 ± 34 (41--241)CYP2D6 phenotype \[*n* (%)\] EM\
 IM\
 UM\
 PM\
 NA38 (90)\
3 (7)\
0\
1 (2)\
019 (59)\
5 (16)\
0\
1 (3)\
7 (22)0\
0\
0\
0\
10 (100)0\
1 (3)\
0\
0\
32 (97)161 (67)\
12 (5)\
5 (2)\
14 (6)\
50 (21)122 (57)\
13 (6)\
2 (1)\
13 (6)\
64 (30)340 (59)\
34 (6)\
7 (1)\
29 (5)\
163 (28)*CrCL* creatinine clearance, *eGFR* estimated glomerular filtration rate, *RA* rheumatoid arthritis, *hsCRP* high-sensitivity C-reactive protein, *DAS28*-*CRP* Disease Activity Score 28 based on C-reactive protein, *EM* extensive metabolizer, *IM* intermediate metabolizer, *UM* ultra-rapid metabolizer, *PM* poor metabolizer, *NA* classification not available, *CYP* cytochrome P450, *SD* standard deviation

Upadacitinib Pharmacokinetic Model {#Sec7}
----------------------------------

The key steps in the model building history and the associated changes in the NONMEM objective function are presented in electronic supplementary Table S1. A two-compartment model with absorption lag time (ALAG1) was found to be the best structural model among different models tested. The use of transit compartments for describing the absorption process did not provide a significantly better fit compared with the model with ALAG1. Inclusion of log-normally distributed ISV on CL/F, *V*~c~/F, and *K*~a~ provided the best fit and was hence chosen for further development. No meaningful correlation (\< 12%) was found between the ISV parameters.

Covariates were evaluated using the forward inclusion/backward elimination procedure, as described in the "[Methods](#Sec2){ref-type="sec"}" section. Covariates included in the forward inclusion steps were subject population, creatinine clearance and sex on CL/F, and sex and total body weight on *V*~c~/F. All included covariates remained statistically significant in the backward elimination steps, and therefore none were eliminated. A significant correlation was not found between any of the evaluated concomitant medications of interest (CYP3A inhibitors, CYP2D6 inhibitors, or pH-modifying medications) and upadacitinib pharmacokinetic parameters. Additionally, CYP2D6 phenotype (as determined from the pharmacogenetic analysis) was not correlated to upadacitinib clearance.

A model with different ISV variances for each of CL/F and *V*~c~/F for subjects with RA versus healthy subjects provided a significant improvement in the model fit and was chosen for further development. Stepwise backward elimination of covariates was repeated after inclusion of different ISV variances on CL/F and *V*~c~/F for RA patients versus healthy subjects (electronic supplementary Table S2). Statistical significance of all covariates included in the model was reconfirmed in this step.

The addition of log-normal IOV on ALAG1 for the visits of the phase II studies in subjects with RA was evaluated to account for potential inaccuracies in recording time of dosing or sampling. The inclusion of log-normal IOV on ALAG1 resulted in a strong drop of the OFV (\~ 1800 points). However, the empirical Bayes estimates of the IOV on ALAG1 exhibited a heavy right-tailed distribution, suggesting that the IOV is not log-normally distributed. To address this finding, a right-skewed box-cox transformation of the form$$\documentclass[12pt]{minimal}
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                \begin{document}$$\eta_{{i\_{\text{transformed}}}} = \frac{{\left( {({\text{e}}^{{\eta_{i} }} )^{\theta } - 1} \right)}}{\theta }$$\end{document}$$with skewness parameter *θ* \> 0, was applied to the IOV \[[@CR22]\]. Models with different skewness parameters ranging from 0.25 to 16 were tested to improve the prediction-corrected VPCs compared with the previous model without IOV. All transformations tested led to a significant drop in the OFV. An increase in the skewness parameter resulted in increasing agreement of observed and simulated data in prediction-corrected VPCs, and the final pharmacokinetics model was selected with a skewness parameter value of 8, beyond which no clear improvement of the VPCs could be observed. The SAEM algorithm with importance sampling in NONMEM was used to estimate the parameters for the final model incorporating the IOV on ALAG1 (model with IOV did not successfully converge using FOCE).

A bootstrap analysis confirmed the robustness of the parameter estimates, and the 95% CIs of the covariate parameter estimates confirmed statistical significance of the included covariates (Table [3](#Tab3){ref-type="table"}). Individual model-predicted concentrations showed good agreement with observations (Fig. [1](#Fig1){ref-type="fig"}). The conditional weighted residuals plotted versus time since last dose or population predicted upadacitinib plasma concentrations showed no systematic trend, indicating that the final model was appropriately specified (Fig. [2](#Fig2){ref-type="fig"}). The ISVs for CL/F and *V*~c~/F did not show residual correlation with significant covariates (results not shown), indicating that the covariate effects were appropriately accounted for in the final model. VPCs stratified by dose group and patient population (Fig. [3](#Fig3){ref-type="fig"} and electronic supplementary Figs. S1, S2, and S3), as well as a prediction-corrected VPC (not shown), showed good agreement between simulated and observed data.Table 3Upadacitinib population pharmacokinetic parameter estimates from the final model and results of the bootstrap analysisParameterPopulation analysisBootstrap analysis^a^Point estimate (%RSE)MeanMedian95% CICL/F (L/h)39.7 (2)39.839.837.8--41.5*V*~c~/F (L)146 (2.2)145145139--152*K*~a~ (1/h)^b^12.320.112.28.37--26.0ALAG1 (h)0.48 (0.017)0.480.480.47--0.49*V*~p~/F (L)64.3 (1.1)65.464.653.9--81.6Q/F (L/h)3.23 (2.5)3.243.232.79--3.77$\documentclass[12pt]{minimal}
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Upadacitinib pharmacokinetic parameter estimates from the final model are shown in Table [3](#Tab3){ref-type="table"}. In healthy volunteers using reference covariate values (male, body weight of 74 kg, and creatinine clearance of 107 mL/min), the population estimates (95% CI) for upadacitinib CL/F, apparent steady-state volume of distribution (calculated as the sum of *V*~c~/F and *V*~p~/F), ALAG1, and mean absorption time (calculated as 1/*K*~a~) were 39.7 (37.8--41.5) L/h, 210 (196--231) L, 0.48 (0.47--0.49) h, and 0.08 (0.04--0.12) h, respectively.

Effect of Statistically Significant Covariates on Upadacitinib Exposures {#Sec8}
------------------------------------------------------------------------

Simulations were performed to explore the impact of covariates on upadacitinib AUC and *C*~max~ at steady state. Subjects with RA were estimated to have a 32% higher upadacitinib AUC than healthy volunteers. Upadacitinib clearance correlation with sex was statistically significant but not clinically relevant, with a 16% estimated higher upadacitinib AUC in females compared with males. Renal function was estimated to have a modest effect on upadacitinib exposure, with a 16 and 32% higher upadacitinib AUC in subjects with RA with mild or moderate renal impairment, respectively, compared with RA subjects with normal renal function (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Effect of covariates on upadacitinib exposures in rheumatoid arthritis patients (mean ratio and 90% confidence interval). Reference groups for the ratios presented: males (reference for females), body weight ≥ 60 kg and ≤ 100 kg (for body weight effect), and CrCL ≥ 90 mL/min (for CrCL effect). *CrCL* creatinine clearance, *C*~*max*~ maximum concentration, *AUC* area under the concentration--time curve

Discussion {#Sec9}
==========

Upadacitinib is currently being evaluated in phase III trials for the treatment of RA and PsA, and in phase II studies in Crohn's disease, atopic dermatitis, and ulcerative colitis. We present in this report a population model that integrates available pharmacokinetic data across upadacitinib phase I studies and phase II RA studies. Data included in this analysis encompass a wide range of upadacitinib immediate-release doses (single doses of 1--48 mg and multiple twice-daily doses of 3--24 mg, in addition to 24 mg once-daily doses), different subject populations (healthy subjects and subjects with RA), and a relatively wide range of baseline characteristics (Table [2](#Tab2){ref-type="table"}).

A two-compartment model with first-order absorption and elimination adequately characterized upadacitinib pharmacokinetics. Upadacitinib pharmacokinetics did not deviate significantly from linearity with respect to dose (dose was not found to significantly impact upadacitinib pharmacokinetic parameters), which is in agreement with previously reported non-compartmental analyses using single and multiple-dose data in healthy subjects \[[@CR16]\].

Upadacitinib typical CL/F in subjects with RA is estimated to be 24% lower than in healthy subjects, leading to a 32% higher AUC estimate. This population estimate of the difference in CL/F combining the data from phase I and II trials is in agreement with a previous non-compartmental analysis utilizing a small subset of the analyzed data in the present report (phase I, study 2) \[[@CR16]\]. Oral clearance values for other JAK inhibitors (tofacitinib and filgotinib) have been reported to be lower in subjects with RA compared with healthy subjects \[[@CR24], [@CR25]\], similar to our observation for upadacitinib. The small difference in upadacitinib CL/F between subjects with RA and healthy subjects could not be explained by other covariates evaluated in the present analysis. Subjects with RA have elevated levels of interleukin-6, a proinflammatory cytokine that has been reported to suppress CYP3A metabolic activity, one of the routes contributing to upadacitinib clearance \[[@CR26], [@CR27]\]. In the analysis, inclusion of population (RA versus healthy volunteers) as a covariate on upadacitinib clearance was more statistically significant than inclusion of serum hsCRP, a marker that is significantly elevated in systemic inflammation. Once population was included in the model, no significant correlation between hsCRP and upadacitinib clearance could be detected. It is plausible that the difference observed in CL/F is due to a combination of factors (e.g. older age, lower metabolic capacity, and possibly inflammation) presented collectively in the RA population, leading to statistically significantly different CL/F compared with healthy subjects.

Creatinine clearance, but not serum creatinine, was statistically significantly correlated with upadacitinib CL/F (electronic supplementary Table S1). The range of creatinine clearance for subjects included in the analysis dataset was 42--241 mL/min. RA patients with mild and moderate renal impairment, within the evaluated range, are estimated to have, on average, 16 and 32% higher upadacitinib AUC compared with subjects with normal renal function (Fig. [4](#Fig4){ref-type="fig"}). This effect is considered modest and does not warrant dose adjustment in subjects within this range of creatinine clearance, and is in agreement with the small percentage of upadacitinib dose (\~ 20%) eliminated unchanged in urine \[[@CR16]\]. A dedicated phase I renal impairment study is currently ongoing and results from this study will further inform the findings from this population pharmacokinetic analysis.

Upadacitinib CL/F and V~c~/F are estimated to be 14 and 24% lower in females compared with males, which results in 16% higher AUC and 26% higher C~max~ estimates in females compared with males, a non-clinically relevant effect on upadacitinib exposures. It is worth noting that the estimate of the effect of sex on upadacitinib CL/F and *V*~c~/F was similar whether serum creatinine or creatinine clearance was included in the final model, indicating that the inclusion of creatinine clearance (which has a factor for sex in its calculation) does not underestimate the small effect of sex on upadacitinib pharmacokinetic parameters. Total body weight was statistically significantly correlated with *V*~c~/F; however, this correlation is not expected to result in a clinically meaningful difference in exposures between subjects with different body weights (Fig. [4](#Fig4){ref-type="fig"}). Matched on sex and creatinine clearance, subjects with body weight \< 60 kg or \> 100 kg are predicted to have the same AUC and approximately 10% higher or lower *C*~max~, respectively, compared with subjects with body weight between 60 and 100 kg. Overall, none of the covariates described above warrant adjustment of upadacitinib dose in specific patient subpopulations.

ISV in upadacitinib CL/F and *V*~c~/F was estimated to be 26 and 27%, respectively, in subjects with RA, and 16 and 14%, respectively, in healthy subjects, indicating modest variability in upadacitinib pharmacokinetics (Table [3](#Tab3){ref-type="table"}). ISV for the *K*~*a*~ was estimated to be relatively higher (150%); this estimate is likely due to (1) the inclusion of phase II data with some samples collected in the absorption phase, and the expected less-than-optimal accuracy in recording the exact sampling time relative to dosing in a phase II setting; and (2) combining data from subjects who received upadacitinib under fed and fasting conditions in both phase I and II studies. Food was shown to affect upadacitinib absorption rate (food decreased upadacitinib *C*~max~ from the immediate-release formulation by approximately 20% and delayed time to *C*~max~ \[*T*~max~\] by approximately 2 h compared with the administration of upadacitinib under fasting conditions), with no impact on upadacitinib absorption extent (i.e. no impact of food on upadacitinib AUC) \[[@CR23]\]. Given that this small effect of food on upadacitinib *C*~max~ and *T*~max~ is not clinically relevant, upadacitinib was administered in the phase II studies included in this analysis without regard to food, and information on the prandial status prior to dose administration in the studies was not captured. Therefore, the fasting/fed status was not evaluated in the model as a fixed effect on upadacitinib *K*~a~.

The population pharmacokinetic model described in this report was utilized in the characterization of the relationships between upadacitinib exposures and different efficacy endpoints in RA. The lack of clinical relevance of the covariates identified as statistically significant in the population pharmacokinetic analysis was further confirmed within the exposure--response analysis framework. Detailed reports of these exposure--response analyses are warranted. Furthermore, additional analyses of the ongoing phase III trials of upadacitinib in subjects with RA will further inform these conclusions.

In vitro, upadacitinib is metabolized by CYP3A (non-sensitive substrate), with a potentially minor metabolic contribution from CYP2D6. The strong CYP3A inhibitor ketoconazole has been shown to increase upadacitinib exposures by approximately 75% \[[@CR23]\]. Approximately 5% of subjects included in the analysis dataset were reported to have used a CYP3A or CYP2D6 inhibitor concomitantly while receiving upadacitinib. No effect of concomitant use of CYP3A (moderate or weak) or CYP2D6 inhibitors could be detected on upadacitinib CL/F in this population analysis; however, this assessment is limited by the small number of subjects in the analysis dataset who used these medications and the short treatment duration for several concomitant medications of interest. Approximately 60% of subjects included in the analysis had CYP2D6 extensive metabolizer phenotype (as classified based on the pharmacogenetic analysis). CYP2D6 phenotype was not a statistically significant covariate on upadacitinib clearance, which is in agreement with in vitro data showing only minor contribution of CYP2D6 to upadacitinib metabolism.

Conclusions {#Sec10}
===========

Upadacitinib pharmacokinetics were best described by a two-compartment model with first-order absorption and elimination. Upadacitinib pharmacokinetics did not significantly deviate from linearity over the dose range evaluated. Sex, renal impairment (mild and moderate), and body weight showed statistically significant, but not clinically relevant, effects on upadacitinib pharmacokinetics. Therefore, upadacitinib doses are being administered in the ongoing phase III trials in RA and PsA without regard for baseline characteristics. Additional analyses are warranted when data from large phase III studies become available.
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